Imprinting polymerization is a flexible method to make resins specific for different compounds.
INTRODUCTION
Imprinting polymerization makes resins specific for different compounds by polymerizing around a template and then removing the template, leaving a binding site specific to the template. Molecularly-imprinted polymers (MIPs) have mostly been used for separations, but are currently being investigated for other applications such as artificial enzymes and biosensors (Yan & Ramström  and references therein) .
In this research, MIPs are used in water treatment, specifically for removal of heavy metal ions. In this application, the capacity of the resin is even more important than specificity, since related ions (for example calcium ions) are likely to be equally unwanted in treated water. Unfortunately, related ions sometimes bind more strongly and thus outcompete for binding sites. It will be shown that imprinting can increase the capacity of the resin for an ion in the presence of competing ions that bind much more strongly than the imprinting ion. Essentially, the specificity of the imprinting sites allows ions with low binding affinities to the resin to effectively compete against ions with higher binding affinities.
Our research group was one of the first to use MIPs for the removal of heavy metal ions from water (Eastman et al. ; Ashraf et al. ) . Recently it has become more common to imprint with metals. For high specificity, usually specialized ligands in the form of specialized monomers are used (Dam & As in most MIPs, access to the imprinted sites can still be a problem due to the high crosslinking density of the MIPs (Song et al. ) . This is sometimes avoided by increasing the surface area of the MIPs by using nanoparticles (Urraca et al. ) , thin, imprinted coatings (Zafar Bajwa et al. ), or imprinted nano-fibers (Awokoya et al. ) .
In this work, specificity for cadmium ions is increased by using the functional groups of common acrylates as ligands for the metal. The capacity increase due to imprinting is determined in the presence of calcium ions, a strong competitor. Access to the imprinting sites is increased by reducing the amount of crosslinker and by increasing the porosity of the resin. Additionally, the resin functions as a common ion exchange resin that still takes out other cations. Arsenate-imprinted resins are discussed as well. Since arsenate is not a heavy metal, selective binding is based on different interactions. Optimization of several parameters for arsenate binding is discussed.
BACKGROUND
The main objective of this project was to study the interaction of the metal ions with the imprinted ion exchange resins to optimize metal removal. A second objective was to determine if a resin for toxic metal ion removal can be developed that is specific enough to take out all of the toxic ions, whilst still achieving removal of other ions that ion exchange is generally used for. To achieve both goals in a cost-effective manner, inexpensive polymers were chosen that have been used in metal removal before and that have metal-binding functional groups; the polymers were then imprinted to increase their capacity and specificity for particular heavy metal ions.
For hydrophilic heavy metal ion removal, a hydrophilic polymer was chosen for imprinting. An ionic resin was chosen; this makes it possible for the resin to act as a specific imprinted resin and a non-specific ion-exchange resin at the same time. Resins with a large excess of binding sites for heavy metal ions and arsenate ions are being developed; this allows for the expected unspecific binding additional to the specific metal ion binding.
The chosen monomers were methacrylic acid and methacrylamide, to allow for both ionic and metal-ligand bonds. The effectiveness of different acrylates in molecular imprinting has now also been confirmed theoretically in an ab-initio model (Saloni et al. ) .
Resins can be imprinted so as to be specific for any metal ion. Imprinting polymerization makes the resin specific enough to allow the heavy metal ions to bind to the ion exchange resin where the ions would usually not be able to compete against the other, more common, ions in water, such as Ca 2þ . It does not require a synthesis of a polymer different to that already used in water treatment. The only additional step for this method is a washing step that removes the initial metal ion templates.
A random copolymer of 70:30 methacrylic acid: methacrylamide ( Figure 1) was chosen, since different polyacrylates and polyacrylamides have been used in water treatment. Also, the carboxylic and amide and carboxylate side chains of these polymers provide ligands for metal ions, and the deprotonated carboxylic acid groups provide negatively-charged sites for ion exchange.
Heavy metal ions bind to common negatively-charged sites of ion exchange resins, such as carboxylate ions, rather weakly (Table 4 ) (Bala et al. ) . For example, the competing and much more abundant calcium ions bind about 15 times more strongly (cohesive energy: 17 and 249 kJ/mol, respectively; Table 1 ). Thus any common positive ion in water will bind before the heavy metal ions will; and since ions such as sodium and calcium ions are also present in water at higher concentrations than heavy metal ions, the heavy metal ions will be outcompeted and will not be retained by the ion exchange resin.
On the other hand, imprinting results in a cavity specific for the cadmium ion ( Figure 2 ) due to a variety of intermolecular non-covalent bonds. In the case of heavy metals, this includes metal-ligand bonds; there are always several metal-ligand bonds per metal (depending on the geometry and the metal it can be 2, 4, 6, or 8 bonds), and each bond is generally stronger than a single ionic bond (Altun et al. Ionic bonds will always be present as well, since the material is an ion exchange resin and will have ionic binding sites additionally to the imprinted sites. Furthermore, there is a third type of binding site: a random site on the surface of the resin. The three different binding sites in the imprinted ion exchange resin are contrasted in Table 2 .
Imprinting with arsenate was studied as well. Arsenic is not a heavy metal, therefore the imprinting complex will not be based on metal ligand bonds. The most common arsenic complexes in water are the As(III) complex arsenite, H 3 AsO 3 , and the oxidized As(V) complex arsenate, H 3 AsO 4 . Arsenate is more soluble in water, and thus was chosen for this study. The pKa's for arsenic acid are 2.26, 6.76, and 11.29 (Lide ) , thus at the neutral pH in this study there will be a similar amount of H 2 AsO 4 À and HAsO 4 2À ions in water. These will be the templates used in the imprinting polymerization. A random copolymer of 30:70 methacrylic acid:methacrylamide was used with carboxylate and amide groups (Figure 1 ). Due to the negatively-charged arsenate ions, the polymer was quaternized to create positive charges on the amide groups. This allows for both ionic and hydrogen bonding interactions in the imprinting complex. Arsenate is a complex ion of tetrahedral shape (Figure 3) , with more possible binding interactions than a simple metal ion. Therefore, imprinting should still result in specificity for the arsenate ion. In comparison to cadmium ions, specificity is expected to be increased due to the larger size of the ion, but reduced due to the weaker binding interactions (no metal-ligand interactions for arsenate).
MATERIALS AND METHODS

Materials
Methacrylic acid (99%), methacrylamide (98%), 2,2-azobis (2-methylpropionamidine) dihydrochloride (AAPD, 97%), sodium arsenate, and ethylene glycol dimethacrylic acid (EDMA, 90%), were purchased from Sigma Aldrich. Fisher provided cadmium chloride (99.8%). Water was purified through a Barnstead E-pure filter system and collected at 18 MOhm (DIUF water). Snake skin pleated dialysis tubing, molecular weight cut-off 3,500, from Pierce was used for dialysis.
Polymerization 70:30 Methacrylic acid:methacrylamide random copolymers
In each case, a non-imprinted control and an imprinted polymer were synthesized by the same method. To synthesize the non-imprinted control from methacrylic acid and methacrylamide (70:30 molar ratio, respectively), 0.70 and 0.30 mol of methacrylic acid and methacrylamide was reacted with 0.001 mol AAPD, 0.0005 mol EDMA, and 150 mL of DIUF water, while bubbling nitrogen through the reaction under UV light in a Rayonet photochemical reactor. For the imprinted polymer, 0.001 mol of cadmium chloride was added to the mixture above. The amount of imprinting molecules was determined by the solubility of the metal ions in the mixture. After polymerization, the solvent was removed and the polymer was purified by dialysis in water for a week. Atomic absorption (AA) measurements did not show any leftover metal ions in the dialysis water. Yields were measured as more than 100%, since not all bound water could be removed by lyophilization or several weeks of storage in a desiccator. Infrared (IR) adsorption peaks were measured for the control at: 3,600-3,000, 2,950, 1,701, 1,474, 1,388, 1,249, 1,176, 925, 920, 700, 600, 510 cm À1 ; and for the cadmium-imprinted polymer at: 3,600-3,000, 2,950, 1,701, 1,482, 1,388, 1,260, 1,178, 925, 920, 782, 510 cm À1 .
30:70 Methacrylic acid:methacrylamide random copolymers
In each case, a non-imprinted control and an imprinted polymer were synthesized by the same method. The control was synthesized as described above, with the exception that the monomer ratio was changed to a 30:70 molar ratio of methacrylic acid and methacrylamide, respectively, and 10 mL of 0.1 M HCl was added to quaternize the methacrylamide. For imprinting polymerization, 0.001 mol of Na 2 HAsO 4 was added to the mixture. The amount of imprinting molecules was determined by the solubility of the arsenate in the mixture. After polymerization, the solvent was removed by vacuum filtration and the polymer washed with 250 ml of 0.001 HCl to remove any impurities and unreacted monomer. Arsenate imprinted in the resin was removed by dialysis in water for a week. AA measurements did not show any leftover arsenate in the imprinted polymer sample. Yields were measured as more than 100%; lyophilization or several weeks in a desiccator could not remove all water. IR adsorption peaks were measured for the porous control at: 3,600-3,000, 2, 996, 2,949, 1,705, 1,657, 1,597, 1,485, 1,450, 1,389, 1,365, 1,246, 1,191, 963, 932, 775, 571, 524 cm À1 ; and for the porous, arsenate-imprinted polymer at: 3,600-3,000, 2, 996, 1, 703, 1, 658, 1, 598, 1, 485, 1, 450, 1, 390, 1, 365, 1, 230, 1, 193, 963, 932, 771, 723, 580 , 523 cm À1 .
Polymer characterization
Polymer samples were analyzed with a Nicolet Magna-IR 560 Spectrometer via a KBr pellet to determine IR absorption peaks.
Size and surface area were analyzed for each polymer using a Micrometrics ASAP 2020 analyzer 3.00. 2.0 g of sample was degassed for 4 hours. A temperature ramp of 1 W C/min was used under N 2 adsorption. All measurements were taken in duplicate.
Metal retention
Metal ion retention
All solutions were kept at neutral pH. Unless otherwise stated, 200 mg of polymer sample was used as the solid phase in a chromatography column (I.D. ¼ 0.9 cm). 10 mL of a known concentration of CdCl 2 , CaCl 2 , or H 3 AsO 4 in water was loaded onto the column and the elute was collected. For competition experiments, the solution contained a concentration of 80 ppm of CdCl 2 and a variable, listed amount of CaCl 2 . The time it took to complete the column was also recorded.
Total capacity
In total, 30 mL of DIUF water was added to 1 g of control or imprinted resin, which was then allowed to swell for 2 hrs. The swollen resin was de-watered under vacuum in a Buchner funnel (5 minutes) while washing several times with DIUF water. A 1 g sample of de-watered resin was weighed. The 1 g of dewatered resin was kept in 20 mL of 1 M NaOH for 30 min, then washed with water in a Buchner funnel and de-watered under vacuum for 5 min. Next, 10 mL of 1 M NaCl was passed through the resin and the effluent was collected. The polymer sample was dried by desiccation and the weight recorded. To measure the total capacity, 10 mL of 0.001 M (100 ppm) CdCl 2 was passed through the resin, followed by the collection of the effluent.
AA spectroscopy
Cadmium and calcium amounts in the effluents were measured using a flame Perkin Elmer Atomic Absorption Spectrometer 3100. Arsenate amounts were measured via a furnace Perkin Elmer Zeeman Atomic Absorption Spectrometer 4100 ZL. Hollow-cathode lamps were used as the light source.
RESULTS AND DISCUSSION
A random copolymer of 70:30 methacrylic acid: methacrylamide (Figure 1 ) was synthesized and characterized by IR spectroscopy as the non-imprinted control. The monomers were polymerized via a radical solution polymerization in water. Access to the imprinting sites is increased by reducing the amount of crosslinker compared to monomer-crosslinker ratios commonly used in polymer synthesis for structural materials (Painter & Coleman ) . Also, the surface area of these resins is especially large, since the porosity of the resin was increased by bubbling nitrogen through the polymerization reaction (Ashraf et al. ) . The effect of the imprint was measured by comparing imprinted with analogous non-imprinted resins. The purity of the sample was confirmed by IR spectroscopy. A porosimeter was used to determine pore size and surface area. The resins were used as the solid phase in a chromatography column to measure metal ion retention. Large metal concentrations were used in the measurements to obtain an indication about the capacity of the resin. Metal concentrations in the elute of the columns were determined by AA spectroscopy. CdCl 2 or Na 2 HAsO 4 of only 0.001 M concentration were added to the imprinting polymerization, since a higher concentration of these salts would have precipitated out of solution. This also means that there are ionic sites in the resin additionally to the specific imprinting sites.
CdCl 2 -imprinted resin
The total capacity of the cadmium-imprinted resin toward cadmium ions was determined (Table 3) . Cadmium ions are not water soluble in high concentrations, thus instead of increasing the cadmium concentration in the testing solution to determine higher total capacities, the amount of resin was decreased. The total capacity of the currentlyused Dowex CCR-3resins towards cadmium ions is 3.9 meq/g (Aldrich ) and a recent study reaches a total capacity of around 35 meq/g with modified electrospun, regenerated cellulose nanofiber membranes (Chitpong & Husson ) . The capacity of these membranes reduces to around 5 meq/g in the presence of an excess of calcium ions. The theoretical ion exchange capacity of the porous, Cd 2þ -imprinted resin was calculated, based on the number of carboxylate groups, as 8 meq/g of dry resin. Total capacity was measured as 325 meq/g. The binding capacity could actually be higher, but it was not possible to get accurate results with less than 10 mg of resin in the column. Therefore, 325 meq/g is a minimum capacity. The theoretical ion exchange capacity is based on the number of negatively-charged ions in the resin. The measured total binding capacity includes binding to other sites as well, including the imprinted sites and general surface sites. The amide groups of the methacrylamide repeating units, for example, increase the capacity, because they are available for metal-ligand bonds in the imprinted sites. All additional capacity is likely due to general surface binding.
Calcium ions are abundant in natural water; they are divalent, like Cd 2þ , with similar atomic radii. The Cd 2þimprinted resin has to be selective and still remove Cd 2þ ions in the presence of Ca 2þ ions. Competition experiments were performed with the imprinted resin, with fixed amounts of cadmium ions in the presence of increasing amounts of calcium ions (Table 4) .
Cd 2þ ion retention was decreased with the presence of an increasing amount of Ca 2þ ions, but imprinting allowed the cadmium ions to compete with the calcium ions. For example, for the case of a solution with 80 ppm Cd 2þ / 80 ppm Ca 2þ , only 56% of the cadmium ions still find room to bind in the presence of the calcium ions, while in the imprinted resin 86% of the cadmium ions still bind. This is especially striking, because the binding energy of calcium ions to carboxylate groups is 15 times larger than the binding energy of cadmium ions to carboxylate groups as discussed above (Table 1 ) (Bala et al. ) . This means that the imprinted resin, as expected, has sites that are not just ion exchange sites, but additionally has binding sites that are specific for cadmium. The specific cavity for cadmium ions is also able to bind Ca 2þ ; this can be seen by comparing the amount of Ca 2þ the Cd 2þ -imprinted resin can bind with the amount the non-imprinted control can bind (Table 5 ). In fact, the Cd 2þ -imprinted resin is able to remove all of 80 ppm of Ca 2þ , in comparison to 12% for the non-imprinted resin. Therefore, imprinting with cadmium ions also increases the sites that calcium ions can bind to. But when cadmium ions are present additionally to calcium ions, a lot of these sites bind cadmium ions before they bind calcium ions. This can be explained by the fact that cadmium can form metal-ligand bonds with carboxylic acid and amide functional groups. Metal-ligand bonds are the only intermolecular, non-covalent forces that can be stronger than ionic bonds, especially since there are usually several bonds to a metal (4, 6, or 8 in most cases, see Figure 2 ). With metalligand bonds, cadmium ions can bind more strongly to the polymer than calcium to the anionic ions of the polymer, and therefore can compete.
These data demonstrate that imprinting can alleviate problems that most ion exchange resins have in the removal of heavy metal ions.
H 3 AsO 4 -imprinted resin
Arsenate retention was determined for the imprinted resins and compared with the non-imprinted control (Figure 4) . Imprinting increased retention, thus specific sites for arsenate were created in spite of the lower binding energy for the arsenate ions.
Total retention was lower for arsenate than for cadmium ions, indicating that retention is more based on the strength of the bond than the size of the ion. Also, the variability of the retention data was higher. It was observed while performing the experiments that retention was more dependent on the residence time for arsenate ions than cadmium ions, and residence time seemed to vary with the amount of swelling of the resin. Since the arsenate ions are larger than the cadmium ions, retention will be more dependent on the ion's access to the binding sites as well.
Binding site access is dependent on pore size, diffusion rate, and surface area. Surface area is not only dependent on pore size, but also particle size and pore volume ( Table 6 ). The resin particles used for the data in Table 3 were sieved to isolate different particle sizes. There are several competing trends in the data: generally speaking, surface area is expected to increase with decreasing particle size. This trend, though, does not take into account the surface area of the pores. The porosimeter defines 'pores' as spaces below 500 Å, everything larger is considered surface area. Larger particles can have more pore volume than smaller particles, thus increasing their surface area. The data show that both surface area and pore volume are greatest for particle sizes in the range of 425-850 μm.
The porosimeter measures surface area by evacuating the particles with high vacuum and then pulsing in known amounts of nitrogen gas that adhere to the surface. The pressure before and after pulsing of nitrogen is measured and the amount of nitrogen bound to the surface is calculated. The amount of nitrogen bound is converted into surface area and pore size using Brunauer-Emmett-Teller (BET) theory (Brunauer et al. ) . Some pores will collapse in too high a vacuum. This is possibly the case for the largest particles. Additionally, there could be a small amount of crystallinity in the resin; crystallinity reduces surface area and pore volume, and would be expected preferentially in the larger particles.
The amount of swelling also affects surface area, pore volume, and pore size. Swelling increases pore size and the amount of free water in the resins, thus is expected to increase diffusion and retention of arsenate ions. At the same time, excessive swelling can expand the binding site and thus reduce the selectivity of binding in the imprinted site. The correlation between residency time, swelling, and retention in these resins will be studied in detail in the future.
CONCLUSIONS
In this paper, the binding of cadmium, calcium, and arsenate ions to imprinted ion exchange resins for water treatment was discussed. The minimum total capacity of the imprinted resin for cadmium ions was found to be 325 meq/g. The imprints helped the cadmium ions to compete with the calcium ions: in the presence of 80 ppm of both cadmium and calcium ions, the imprinted resin achieved 86% removal of cadmium ions in comparison to only 56% for the non-imprinted resin. The specificity of the resins for cadmium is based on metal-ligand bonds.
Arsenate ions can only bind intermolecularly via ionic and hydrogen bonds, which are not as strong as metalligand bonds. That results in lower retention of arsenate than cadmium ions in the imprinted resins (60% vs. 100% for 80 ppm solutions). Additionally, a lower specificity was achieved (only 8% of difference in retention for imprinted resins in comparison to non-imprinted resins).
The imprinted sites are not the only binding sites in this resin. The large total capacity for cadmium shows that beyond the imprinted sites and residual ion exchange sites, cadmium ions also bind the resin via non-specific surface sites. Therefore, increasing the surface area, as was done here by increasing the porosity, also increased cadmium retention.
For the larger arsenate ions, retention by the imprinted resin was additionally dependent on swelling and residence time in the resin. Swelling and free water affects pore size and diffusion of molecules in a resin. This indicates that diffusion is limiting with the large arsenate ions. The correlation between residency time, swelling, and retention in these resins will be studied in detail in the future. With these data it will be possible to optimize imprinted resins for water treatment. 
